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The isolation and identification of several individual enzymes has 
made it possible to attack the problem of their chemical structure.  In 
the last few years it has been shown that urease (1), pepsin (2), tryp- 
sin  (3),  chymo-trypsin  (4),  probably  pancreatic  amylase  (5)  and 
rennin (24)  are proteins,  so that the general molecular structure of 
these enzymes is known.  Enzymes have powerful catalytic proper- 
ties, however, not possessed by ordinary proteins and therefore must 
possess  characteristic chemical structures. 
Since  the  chemical properties  of a  molecule are not  the  sum of 
the properties of its  component parts,  the  catalytic activity of an 
enzyme must be considered as a property of the whole molecule and 
cannot,  strictly, be  referred to  one special group.  It  is frequently 
true, however, that a  particular  property of the molecule is depend- 
ent  upon  a  particular  group or  arrangement of  the atoms within 
the  molecule;  the  magnitude  of  this  property  depends  upon  the 
structure of the whole molecule.  Thus organic acids usually contain a 
carboxyl group but the strength of  the group depends on the entire 
molecular configuration.  In the case of proteins possessing peculiar 
properties the first question to arise is whether the molecule consists 
entirely of amino acids or whether it contains a prosthetic group; i.e., 
a  compound not composed of amino acids.  The peculiar properties 
of hemoglobin are ascribed to the presence of the prosthetic group, 
heine, which can easily be separated from the protein, globin.  In this 
case the prosthetic group may be detected by its color.  The yellow 
respiratory ferment of Warburg (6) is similar since again the prosthetic 
group is colored.  In both these cases the characteristic properties 
are lost completely when the prosthetic group is separated from the 
rest of the molecule.  The prosthetic group alone is therefore not re- 
sponsible for the activity. 
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The products of hydrolysis of pepsin have no proteolytic activity 
and there is no other property known of the hypothetical group which 
in pepsin renders it active.  Indirect information as to the nature of 
the active group may be obtained, however, by altering the structure 
of  the original  pepsin molecule with reagents  known to  react with 
certain chemical groups and determining the effect of this change in 
structuke upon the activity.  By analogy with other compounds, such 
as acids or dyes, it would be expected that any change in the molecule 
would affect the activity but that the extent of the effect would depend 
upon a number of factors such as the nature of the reagents, the react- 
ing groups of the molecule, and their relation to the active part of the 
molecule.  Pepsin  is  known to  have  such  free  groups  as  carboxyl 
(COOH), amino (NH2), and phenolic hydroxyl (OH).  The effect on 
the activity resulting  from the modification of  these  groups  should 
furnish information as  to  their relation to  the molecular  structure 
responsible for the activity.  If the modification of these groups in 
native  pepsin  resulted  in  a  complete  loss  in  activity it  would  be 
probable that the active group, or one closely associated with the active 
group, had been altered by the treatment.  If the modification  of these 
groups failed to affect the activity it would follow that the modified 
groups are not closely related to the active part of the enzyme.  The 
present experiments were designed to determine what effect acetylation 
of the various groups of pepsin would have on the activity. 
The action of a number of biological substances is markedly altered by the 
introduction of one or more acetyl groups into the molecule.  Hunt (7) has shown 
that acetyl choline has at least 40,000 times as much action on blood pressure as 
does choline.  Warburg  and Negelein (8) have prepared a diacetyl deutero hemo- 
globin which has only 52 per cent of the capacity to combine reversibly with 
oxygen as  does ordinary  hemoglobin.  Workers in  several laboratories have 
studied the change in properties of crystalline insulin after acetylation.  Freuden- 
berg and his coworkers  (9) have reported complete  inactivation O  f crystalline  insulin 
by acetylation.  Part of the activity  could be recovered by treatment  of the 
inactive acetylated insulin with dilate alkali.  Later, using freshly precipitated 
amorphous insulin, they reported a product of acetylation which had 5-10 per 
cent of the original activity.  The amino nitrogen was reduced from i per cent to 
0.I  per  cent by the acetylation.  More recently Avery and Goebel (I0) have 
reported that an acetyl group present in the Type I specific  pneumococcus  poly- 
saccharide renders the material antigenic.  This property disappears on removal 
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Hugounenq and Loiseleur (11) have reported that treatment d  crude pepsin 
solutions with methylating and diazotizing agents failed to affect the proteolytic 
activity of the enzyme.  Their treatment was directed toward the primary amino 
groups and since they noticed no change in activity of the enzyme they concluded 
that the primary amino group had little if anything to do with the proteolytic 
activity.  They did not, however, measure either the loss in amino groups nor 
increase in methyl groups, nor did they isolate any compounds. 
In the present experiments pepsin was acetylated by treatment with 
ketene and it was found that the activity decreased as the acetylation 
proceeded.  In the study of the course of the acetylation reaction it 
became apparent that the time rate of change in the specific activity of 
the enzyme during acetylation depends upon the pH of the solution, 
Acetylation of pepsin at pH 5.5  causes a  greater drop in specific ac- 
tivity per acetyl group introduced than acetylation at pH 4.5.  If the 
pH of the pepsin solution is kept constant the specific activity of the 
reaction mixture when plotted against the increase in number of acetyl 
groups  per molecule of protein  drops  off  logarithmically as  acetyl 
groups  are introduced.  There is  no  sharp  break  in  the  curve; the 
activity drops gradually and  is i0 per cent or less of the original ac- 
tivity after the introduction of more than  twenty acetyl groups per 
molecule of enzyme. 
A preparation of acetylated pepsin has been obtained in crystalline 
form which has 60 per cent of the activity of the original pepsin,  as 
measured by  several methods.  This  material  contains  one  or less 
primary amino groups per molecule of protein instead of the three or 
four originally present in pepsin.  It also possesses from six to eleven 
acetyl groups per molecule, the number depending upon the condi- 
tions  during  the  acetylation.  From  the  acetyl  determinations  of 
several different preparations and the solubility experiments it appears 
that  there may be several acetyl products possessing approximately 
60 per cent of the original pepsin activity and which may form solid 
solutions with one another. 
Another  crystalline  acetylated pepsin  preparation  was obtained 
by subjecting the above acetyl pepsin to normal sulfuric acid.  The 
specific activity of this acid solution increased to  the value of pure 
pepsin  and  the  acetyl  content  dropped  from  nine  to  four  acetyl 
groups  per  molecule.  There  was  no  measurable  increase  in  the 38  CRYSTALLINE  ACETYL  DERIVATIVES  OF PEPSIN 
primary amino nitrogen and it is probable that the remaining acetyl 
groups are  on the primary amino groups.  It was  also  possible to 
prepare this same, or a  closely related material, starting with pepsin. 
By careful acetylation an acetyl product was obtained which had lost 
none of its activity but which had lost all of its primary amino groups. 
This material had three acetyl groups per molecule, the equivalent 
of the amino groups lost. 
Still another acetylated product was prepared by  acetylation for 
35-40 hours at pH 5.5 in a dialyzing bag.  This material was only 10- 
15 per cent as active as pepsin and had on the average twenty acetyl 
groups  per  molecule.  On  further  acetylation  the  decrease  in  ac- 
tivity was very slow.  It was much less soluble than the other prep- 
arations and crystallized with difficulty and in very small crystals. 
The  different  acetyl  preparations  could  be  separated  from  one 
another  by  fractional  precipitation  from  concentrated  magnesium 
sulfate  solution.  Under  the  microscope the  crystals  of  all  of  the 
acetyl preparations appeared alike and indistinguishable from those of 
pepsin as may be seen in Fig.  1. 
The results of these acetylation experiments show that acetylation 
of  primary  amino groups  does  not  change  the  specific  activity  of 
pepsin by more than 10 per cent but that addition of acetyl groups in 
some other places causes a marked decrease in activity. 
The primary amino groups of proteins in general are those of lysine 
and since acetylating these groups has little or no effect on the ac- 
tivity it is probable that the lysine groups are not part of or are not 
intimately associated with the molecular structure responsible for the 
activity.  Further acetylation, however, causes a marked decrease in 
activity which would indicate that certain groups of the protein more 
closely related to the active part of the molecule have been acetylated. 
Ketene reacts with NH, OH, or COOH groups and it is not possible to 
decide at  present between the various possibilities.  The ease with 
which these groups may be  removed suggests that  OH,  or  COOH 
groups have been acetylated. 
The pH activity curves, acid and alkali inactivation, and the titra- 
tion  curves  of  the  acetyl preparations  examined were  not  greatly 
different from the same properties of the parent substance, pepsin. 
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FIG.  1.  (a)  Crystalline  pepsin.  (b)  Crystalline  "100  per  cent  active"  acetyl 
pepsin.  (c)  Crystalline "60 per cent active" acetyl pepsin. 40  CRYSTALLINE  ACETYL  DERIVATIVES  OF  PEPSIN 
per cent active" and "60 per cent active" acetylated derivatives and 
their  solubilities  in  acid  decreased  as  the  concentration  of  acid  in- 
creased.  These  two  properties  are  quite  different  from  those  of 
pepsin which has an isoelectric point at pH 2.7  and  the solubility of 
which increases as the solution is made more acid than pH 2.7. 
EXPERIMENTAL  RESULTS 
A cetylation with Ketene 
Staudinger  (12)  in his study of ketene (CH2 =  C  =  O) pointed out 
that ketene is capable of reacting in dilute acid but the reaction is more 
rapid  in alkaline  solution  and  that  whereas  it reacts  with all  of the 
following groups--primary  and  secondary amines,  aliphatic  alcohols, 
water and phenols--the  rates of reaction  are quite different for each 
group.  Primary  amines  react  most  rapidly  and  the  phenols  least 
rapidly.  The  reactions  of  ketene  are  in  general  addition  reactions 
and polymerizations, the latter being of little or no consequence in this 
work.  The addition reactions may be illustrated as follows: 
CH2  =  C  +  H--  NH--  R  ----*  CH~--  C  --  NH--  R 
LI  II 
o  o 
Acetylation of amino  acids using ketene has been reported by Berg- 
mann  and Stern  (13).  This method is more suitable for the acetyla- 
tion  of  pepsin  than  the  usual  methods  since  the  reaction  may  be 
carried out in slightly acid aqueous solution and without any appre- 
ciable denaturation of the protein. 
The ketene used in this work was generated by the thermal decom- 
position of acetone vapor (14). 
Course of the A cetylation Reaction 
Effect  of pH.--In  the  early  experiments  it was noticed  that  when 
ketene was passed into a 5-10 per cent pepsin solution in 3 M pH 5.5 
acetate buffer, the specific activity of the enzyme dropped rapidly at 
first  and  then  more  slowly  as  the  reaction  progressed.  When  the 
specific activity reached  approximately  one-half  that  of the  original 
pepsin there was no further appreciable change with continued expo- 
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specific activity-time curve indicated  the completion of the acetylation 
reaction and a  product of definite properties different from those of 
pepsin  was  repeatedly obtained.  The  pH,  however,  was  not  held 
constant.  The acidity of the enzyme solution changed from pH 5.5 
to 4.0 during the course of the acetylation experiment.  This might 
be expected for, as previously pointed out, ketene reacts with water to 
form acetic acid. 
When the acetylated product described above, with a  specific ac- 
tivity of 60 per cent that of pepsin, was precipitated out of the pH 4.0 
buffer and dissolved in pH 5.5  acetate buffer and ketene run in as 
before, the specific activity again dropped and again reached a nearly 
constant value as the pH of the solution approached pH 4.0.  This 
product was precipitated and redissolved in fresh pH 5.5 buffer and as 
before  subjected to  ketene  and  again there  was an initial drop  in 
activity followed by a  slowing up of the time rate as the pH of the 
solution dropped toward pH 4.0. 
Experiment I---Course of Acetylation as pH Varied from pH 5.0--4.0.--175 gin. 
of twice crystallized  Cudahy pepsin falter  cake was dissolved  in 3 ~r sodium acetate; 
final volume was 400 ml.  Ketene was run in with stirring.  20 ml. samples were 
withdrawn at various intervals of time and the following  analyses made using the 
methods described in the section devoted to experimental methods--pH, protein 
nitrogen, non-protein nitrogen, Van Slyke amino nitrogen, proteolytie activity by 
the hemoglobin  method, and acetyl content.  After 800 minutes exposure to ketene 
the protein was precipitated out by the addition of an equal volume of saturated 
magnesium sulfate.  The precipitate was filtered off, dissolved in 3 ~r sodium 
acetate, and the final  volume made up with sodium acetate to the volume of the 
solution  just prior to precipitation.  Ketene was passed in as before  for 900 minutes 
or a total of 1700 minutes.  The protein was again precipitated as before and dis- 
solved in fresh sodium acetate and ketene run in for 300 m|nutes or a total of 2,000 
minutes.  The analyses of the samples are plotted in Curve I of Fig. 2; Curve I 
of Fig. 3; and in Fig. 5. 
The results of this series of experiments may be seen graphically in 
Curve I  (Fig. 2).  They indicate that the change in slope of the time- 
specific activity curve was due to a  change in the pH of the solution 
and not to the completion of the acetylation.  It was later found that 
the pH could be kept nearly constant by placing the buffered pepsin 
solution in  a  collodion bag  suspended in  a  large  volume of buffer. 
As  a  check  experiment,  therefore,  acetylation was  carried  on  in  a 42  CRYSTALLINE  ACETYL  DERIVATIVES  OF PEPSIN 
collodion dialyzing bag with the pH nearly constant between pH 5.0 
and 6.0.  Under these conditions the drop in specific activity of the 
reaction mixture with time did not show a  decided change as the spe- 
cific activity approached 60 per cent of the original pepsin.  As may 
be seen from Curve II of Fig. 2 the activity continued to drop with 
only a very gradual change in the slope, of the curve and seems to show 
that the differences noted in the acetylation of pepsin are differences 
in time rates and are probably caused by the differences noted in the 
pH values of the solutions.  However, when the increase  in  acetyl 
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Curve I - Acetylation of pepsin at pH 5.5-4.0; 
protein redissolved at pH 5.5 
CurveII- Acelylatien of pepein at pH 6.0-5.0 
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FIG. 2.  Per cent specific  activity of pepsin during course of its acetylation 
groups was plotted against specific activity (see  Fig.  3)  the points 
obtained from adetylation at pH 4.5 and at pH 5.5 did not fall along 
the same curve. 
Experiment II----Course of Acetylatlon at Constant pH  5.5.--135 gin. of once 
crystallized pepsin, prepared from Cudahy pepsin was twice precipitated by half 
saturated magnesium  sulfate at pH 4.0 and dissolved  in 2 M  acetate buffer pH 5.8 
so that the final volume was 400 ral.  The enzyme solution was placed in a col- 
lodion bag prepared from Merck's u. s. P. collodion  and this set into 2 liters of the 
same buffer as that used for the solution of the protein.  Ketene was run in 
rapidly and the solution stirred both inside and outside of the bag.  At the end of ROGER  M. HERRIOTT  AND  JOHN  H. NORTHROP  43 
the day the bag and solutions were placed in the ice box and the reaction started 
again the next morning.  20 ml. samples were withdrawn and analyzed for protein, 
non-protein nitrogen, Van Slyke amino nitrogen, pH, activity by the hemoglobin 
method, and acetyl content.  The results of the analyses are to be found plotted in 
Curve II of Figs. 2 and 3; Curve I of Fig. 4; and in Fig. 5. 
These  curves  are  independent of  time  and  should,  therefore,  be 
collinear if the time rate is the only factor in the acetylation of pepsin 
affected by a change in pH.  There was a much greater drop in specific 
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FIG. 3.  Effect of a change in acetyl groups per molecule on specific  activity of 
pepsin. 
activity  per unit  increase  in acetyl  groups when the acetylation  was 
carried  on at  pH 5.5  than at  pH 4.5.  Curves I  and II  of  Fig.  3 were 
plotted  from data of the same cxpcriments as wcre the Curves I and 
II of Fig.  2.  Curve III of Fig.  3 represents  an expcriment in which 
the  pepsin  was acetylated  at  pH 4.5-4.0. 
Curves I  and  II  of  Fig.  4 are  the  data  of  Curves II  and III  of  Fig.  3 
plotted  on logarithmic  scale.  It  may bc seen  from Fig.  4 that when 
the pH is constant the change in specific  activity  of pepsin during 44  CRYSTALLINE  ACETYL  DERIVATIVES  OP  PEPSIN 
acetylation varies logarithmically with the increase in acetyl groups 
per molecule. 
Experiment III--Course  of Acetylation at Constant pH 4.5.---45 gin. of twice 
crystallized Cudahy pepsin falter cake washed four times with half saturated 
magnesium sulfate was dissolved in 6 x~ pH 4.5 acetate buffer so that the final 
volume was 150 ml.  Ketene was passed in rapidly with stirring.  20 ml. samples 
were  withdrawn and  analyzed for protein,  non-protein, and amino nitrogen, 
activity by the hemoglobin  method, pH, and acetyl content. 
The results are plotted in Curve III of Fig. 3; Curve II of Fig. 4; and in Fig. 5. 
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FIG. 4. Logarithm of specific  activity of pepsin as affected by a change in the 
acetyl groups per molecule,  acetylation at nearly constant pH. 
It may be seen that there was only one-thlrd the drop in specific 
activity per  unit increase  in  acetyl groups  at pH  4.5  as  when the 
enzyme was acetylated at pH 5.5.  Evidently acetylation occurs at 
different groups, depending upon the pH.  This is probably due to the 
effect of ionization upon the rate of acetylation of the various groups 
present in the original pepsin. 
Change in Primary Amino Groups during Acetylation.--The change 
in free primary amino groups was also followed during the course of the ROGER  M.  HERRIOTT  AND  JOB'N  H.  NORTHROP  45 
acetylation reaction by means of Van Slyke's micro amino nitrogen 
method (15). 
Pepsin contains an unusually small number of free amino groups, 
0.15 per cent or three to four groups per moleculet calculated from a 
molecular weight of 36,000.  Most proteins contain between 0.75-1.5 
per cent ~mlno nitrogen or twenty to  forty free amino groups per 
molecule.  Fig. 5 contains the curves obtained by plotting the amino 
nitrogen content against  specific activity as acetylation proceeds at 
pH 5.0-6.0  and pH 4.04.5.  There seems to be no difference in the 
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FIG. 5. Effect  of  acetylation of  free  amino  groups on  specific activity of 
pepsin. 
loss in activity compared to the decrease in amino nitrogen whether 
the acetylation is carried out at pH 4.5 or pH 5.5.  The results show 
that there is not more than a 20 per cent drop in specific activity with a 
loss of practically all of the amino nitrogen.  Measurements of less 
than one amino group per molecule  were unreliable. 
t This is lower than the value first reported (2), the difference  probably being 
due to the presence of non-protein nitrogen in the pepsin preparation of the earlier 
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Preparation and Crystallization of the Acetyl Derivatives 
Three preparations of acetylated pepsin have been obtained which 
differ in specific activities, number of acetyl groups per molecule, and 
in other properties.  For convenience they have been named according 
to their specific activity relative to that  of pepsin and  spoken of as 
though  they  were  pure  chemical  individuals  although  in  fact  they 
may be solid solutions of closely related compounds. 
TABLE  I 
Preparations of A cetylated Pepsin 
Preparation 
Pepsin 
"100 per cent active" 
acetyl pepsin 
"100 per cent active" 
acetyl pepsin 
"60 per cent active" 
acetyl pepsin 
"10  per cent active" 
acetyl pepsin 
.~  ~  ~  _% 
•  .~,.~  ~  '-  o  o 
,.,  --.  =..  "a  ~  8"3 
I  I  P+  I  /,.r  I 
l  l"'l+'l  + 
+0.22  t  +0.161 4  0  1 
Acetylation of pepsin at pH  [  [  [  [ 
o  5.5 for 45 min  ............  [ °'21  I 10010'021 o  4 
Hydrolysis of "60 per  cent  /  [  [  [ 
active"  acetyl  pepsin  in  [  [  [  [ 
'+/I  sU Ul e  at  +oc"  I  I  I  I 
fore7hrs  ................  [ 0.20 I 1°°1°'°21 0  0  4 
Acetylation of pepsin at pH  [  [  }  I 
s.s-4.0for ,2 hrs  ........ [0.12  [  5S/0'041 I  a 
Acetylation  of pepsin at pH  [  [  /  [ 
5.5 for 35 hrs .............  /0.03  I  141  [  23 
Experimental  Procedure 
"100 Per Cent Active" A cetyl Pepsin.--This  material was prepared by dissolving 
100 gin. of twice crystaUized pepsin filter cake containing less than 10 per cent of 
the total nitrogen as non-protein nitrogen, in 300 ml. of 3 ~  sodium acetate and 
then passing  ketene into this solution slowly for 50-75 minutes.  One bubble of 
gas every second from an orifice 25 ram. in diameter was found a satisfactory rate. 
After 50-75 minutes analysis of protein, non-protein, and amino nitrogen, activity, 
and acetyl content showed a loss of not more than 10 per cent of the activity but a 
loss of all measurable amino nitrogen.  The protein was precipitated from solution 
by the addition of an equal volume of saturated magnesium  sulfate after first 
adding acid to make the solution approximately pH 4.5.  This precipitate was dis- 
solved in water, precipitated by titrating to pH 3.0 with acid, and the precipitate ROGER  M.  HERRIOTT  AND  JOHN  H.  NORTHROP  47 
dissolved in water with the aid of sodium acetate and crystallized  after the pro- 
cedure of Northrop (2). 
"60 Per Cent Active" Acetyl Pepsin.--125  gin. of once crystallized pepsin filter 
cake was dissolved  in 3 ~r sodium acetate.  The final volume  was 400 ml.  Ketene 
was passed in rapidly for 12-14 hours.  Analyses  for protein, non-protein, and 
amino nitrogen, activity, pH, and acetyl content were made.  The solution was 
then subjected to the same treatment as the preceding solution; the protein pre- 
cipitated with magnesium  sulfate, acid, and thence crystallized. 
"10 Per Cent Active" Acetyl Pepsin.--125  gm.  of twice crystallized Cudahy 
pepsin filter cake was dissolved in saturated sodium acetate solution so that the 
final volume was 400 ml.  This solution was placed in a collodion bag of 500 ml. 
volume.  The collodion  bag containing the enzyme solution was placed in 2 liters 
of 3 M  sodium  acetate and ketene passed in for 35 hours.  The solution was filtered, 
and the protein precipitated and crystallized  as above. 
Analytical results found in Table I are typical of several preparations 
of  each  product.  The  derivatives  were  crystallized  and  were,  in 
general,  more  stable  than  pepsin,  possibly  because  they were  less 
soluble than pepsin. 
The experimental procedure for the preparation of "100 per  cent 
active" acetyl pepsin by acid hydrolysis of the "60 per cent active" 
acetyl pepsin is discussed on page 52. 
Evidence  Concerning  the  Purity of the  Crystalline Acetyl Derivatives  of 
Pepsin 
Fractionation  Experlments.--No  evidence  could be  found for  the 
existence of an acetyl derivative whose specific activity was between 
100 per cent and 60 per cent of the activity of pepsin.  This follows 
from  the  results  of  the  fractionation  experiment  sllmmarized  in 
Table II.  A large portion of a reaction mixture, the specific activity 
of which had been reduced to 75 per cent of its original value by acety- 
lation with ketene,  could be fractionated into  two parts  possessing 
approximately 60 per cent and 100 per cent of the specific activity of 
pepsin.  Further fractionation failed to demonstrate any protein frac- 
tion possessing a lower specific activity. 
It might be supposed  that the "60 per cent active" acetyl pepsin 
was not a  pure compound but a  mixture or solid solution of pepsin 
and  an inactive or weakly active acetyl derivative.  Table III con- 
tains the  results of  some experiments  designed to  test  this  question. 48  CRYSTALLINE  ACETYL  DERIVATIVES  OF  PEPSIN 
The results in Part A are typical of several fractionation experiments 
on a number of the ten to fifteen preparations of "60 per cent active" 
acetyl pepsin.  The results in  Part  A  show that  the  "60  per  cent 
active" acetyl pepsin, as ordinarily prepared, could not be fractionated 
into pepsin and a protein having a lower specific activity.  A protein 
having an activity corresponding to that of pepsin was separated but 
the  amount was  insignificant though this  amount of  the  material 
brings out the sensitivity of the fractionation experiments in detecting 
TABLE  II 
Fractionation of a Reaction Mixture Possessing 75 Per Cent of the Original A ctivity 
No. 4 of Dec. 28, 1933, reaction mixture 
pH 6.0 ....  1 
No. 1 +  5 ml. of 5 •  sulfuric acid, stirred 
till precipitate dissolved; pH 4.5 ......  2 
No. 2 +  7 ml. saturated magnesium sul- 
fate; filtered  ....  3 
Residue No. 3 dissolved in water...  4 
Filtrate No. 3 q- 9 ml. saturated magne- 
sium sulfate; filtered; filtrate  ....  5 
No. 4 after samples had been removed...  6 
No. 6 -[- 4 ml. saturated magnesium sul- 
fate; centrifuge; decant .......  7 
Residue No. 7 +  water.  8 
N/ml. 
~I.  r~g.  ~t- 
20  14.2  13.1  2.1 
25  11.4  i0.5  1.7 
10  8.1  7.75  1.0 
37  0.63  0.20  0.05 
8  8.1  7.75  1.0 
6  2.5  0.34 
[P. u.]  I~ 
mg. 
0.16 
0.16  263 
0.13  77.,5 
0.25  7.4 
0.13  62.0 
0.136  15.0 
~r 
100 
3O 
3 
100 
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the presence of even closely related substances.  Part B of Table III 
reveals  that  an  equimolecular mixture of pepsin and  "10  per  cent 
active" acetyl pepsin which resembled very closely the "60 per cent 
active"  acetyl pepsin could be  fractionated with comparative ease 
into two fractions having higher andlower activities than the mixture. 
It  seems probable,  therefore,  that  the  "60  per  cent  active"  acetyl 
pepsin prepared according to the directions in the previous section is 
not a mixture or solid solution of the original pepsin with a derivative 
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TABLE  III 
Fractionation of "60 Per Cent Active" Acetyl Pep~n and of a Mixture of Pepsin and 
10 Per Cent Active Acetyl Pepsin 
Enzyme Solutions 
2 X  crystallized Cudahy pepsin Nov. 1, 1933, 
dissolved in water +  sodium acetate; con- 
centration adjusted with water ............ 
No. 10 of Sept. 25, 1933, "10 per cent active" 
acetyl pepsin +  saturated  magnesium sul- 
fate, filtered; residue dissolved in water  + 
sodium acetate  .......................... 
No. S of October 23, 1933, "60 per cent active" 
acetyl pepsin  ............................ 
Part A. Fractionation of "60 Per Cent 
Active" Acetyl Pepsin 
No. 3 +  acid to pI-I 4.5; +  equal volume satu- 
rated magnesium sulfate; filter; residue dis- 
solved in 5/10 pit 4.65 acetate buffer  ...... 
No. 4 +  22 ml. saturated magnesium sulfate; 
N/n~.  [I,. u.l  I~ 
rag.  rag.  rag"  c¢~t 
5.65  5.501.13  0.21 
6.3  5.50 0.20  0.036 
11.3  10.301.30  0.126 
7.14  6.9  0.84  0.122520100 
stirred; centrifuge; decant ................ 
ResidueNo. S+water ....................  11.1  10.6  1.3  0.123138  27 
Supernatant No.  5  +  40 ml.  saturated mag- 
nesium  sulfate;  stirred;  (test  showed 
practically no protein in solution)  +  20 mi. 
xr/10 pH 4.65 acetate buffer; stirred 10 min- 
utes and filtered; filtrate ..................  t  0.203  0.12 0.026  ~.22  19  4 
Part B. Fractionation of an Equiraolecu- 
lar Mixture of Pepsin and "10 Per 
Cent Active"  Acetyl Pepsin 
10 mi. No. 1 +  10 nil. No. 2 (crystals formed; 
4 mi. 4 N sodium acetate added to dissolve 
these  crystals;  to  neutralize  the  sodium 
acetate 3 mi. of 5 N sulfuric acid was added; 
1 mi. removed for analysis) ...............  4.1  0.50  0.12  107 10C 
No. 8 q- 1.2 ml. saturated magnesium sulfate 
with stirring; centrifuge; decant ...........  I 
Residue No. 9 dissolved in water ............  4.55 I0.31  0.068  23  21 
Supernatant No. 9 +  10 ml. saturated magne- 
sium sulfate; centrifuge; supernatant  .......  0.69  0.36  C).088  0.24  14  12 50  CRYSTALLINE ACETYL DERIVATIVES OF PEPSIN 
Solubility  Experiments 
Experimental Procedure.--The  methods used in these solubility determinations 
were identical with those described by Northrop (16). 
The solubility of a pure substance is independent of the quantity of 
solid phase.  Northrop (2) found that in all the solvents used pepsin 
solubilities  agree  with  this  rule  and  the  results  indicate,  therefore, 
that pepsin is a pure substance. 
3 
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FIG. 6.  Solubility of amorphous "100 per cent active" acetyl pepsin and of 
amorphous "60 per cent active" acetyl pepsin in 0.05 M pH 4.65 acetate buffer 
and 0.5 saturated magnesium sulfate. 
The solubilities of two of the acetylated pepsin preparations have 
been  determined.  The  results  of these  experiments are  plotted  in 
Fig.  6.  They are  also  summarized with  the  pepsin  solubilities  in 
Table IV.  The results show definitely that the specific activity, i.e. 
ratio of activity to protein nitrogen, is  constant and independent of 
the quantity of solid phase present.  This confirms the results of the 
fractionation experiments.  The points  obtained  in  the  region of a 
small quantity of solid material for the "60 per cent active" acetyl ROGER  M. HEILRIOTT  AND  JOHN  H.  NORTHROP  51 
pepsin do not fall on the theoretical curve.  Although the figures are 
small  and  consequently  subject  to  a  greater  percentage  error,  the 
writers believe that the results are  significant in demonstrating that 
the material, as prepared, is a solid solution of two or more substances 
having nearly the same specific proteolytic activity. 
Solubility of AcetyIated Pepsin in the Presence of Pepsin 
Experimental Procedure.--The  suspensions of "60 per cent active" acetyl pep- 
sin and of pepsin used in the solubility experiments of the previous section were 
used in the present experiments.  The solvent was also the same  (0.5 saturated 
magnesium sulfate  0.05 ~r pH 4.65 acetate buffer).  The two suspensions were 
mixed in varying quantifies, keeping the final volume constant.  They were then 
TABLE  IV 
Solubilities of Pepsin and A cetyl Derivatives 
S.  .  f0.5 saturated magnesium sulfate sp. gr. 1.295 
°lvent--]0.05 ~ pH 4.65 acetate buffer 
Temperature  =  25°C. ~  2°C. 
Material 
Pepsin (Northrop)  .................................... 
Pepsin (Herriott)  ..................................... 
"100 per cent active" acetyl pepsin  ...................... 
"  60 per cent  active" acetyl  pepsin  ..................... 
N/ml. 
Amorphous 
mg. 
1.0 
1.1 
0.33 
0.12 
Cryst~ne 
mg. 
0.22 
0.06 
dissolved in the acetate buffer part of the solvent and precipitated by stirring in 
the saturated magnesium sulfate just as in the solubility experiments.  In every 
case there was an excess of solid of both constituents after precipitation.  They 
were then filtered and the filtrates analyzed for activity and nitrogen. 
The  results of this  experiment  are  shown in  Fig.  7.  They bring 
out quite  dearly that  the  "60 per  cent active"  acetyl pepsin  forms 
solid solutions with pepsin. 
Constancy of Properties during Fractional Crystallization 
Table  V  contains the  analyses of seven fractional crystallizations 
of a preparation of "60 per cent active" acetyl pepsin.  In the course 
of seven recrystallizations there is a loss of 80 per cent of the original 
material but no drift in any of the properties measured. 52  CRYSTALLINE  ACETYL  DERIVATIVES  OF  PEPSIN 
Increase in Specific Activity on Removal of Acetyl Groups by Acid 
Hydrolysis 
Since pepsin is instantly denatured in alkaline solution preliminary 
studies of the hydrolysis of acetyl groups from acetylated pepsin were 
1.2 
I.I 
.l 
E  /  j 
.1 
!  !  !  I  I 
0  20  40  60  80  100 l~psln 
100  •  60  40  20  0  ~¢tsrl l~J~sin 
Per cent composition of  suspension 
Fro.  7.  Solubility of mixtures  of  amorphous  pepsin  and amorphous  "60  per 
cent  active"  acetyl  pepsin  in 0.05  x~ pH  4.65  acetate  buffer  and  0.5  saturated 
magnesium  sulfate. 
TABLE  V 
Constancy of Properties of "60 Per Cent A cli~e" A cetyl Pepsin during Fractional 
Crystallization 
Crystallization  No.  Quantity of crystals  Hb  [t,]  24°c"  [P" U'lmg. P.N.  pH 4.7 
gf~° 
62 
40 
36 
30 
20 
15 
10 
0.125 
0.129 
0.123 
0.125 
0.118 
0.126 
0.120 
83 
92 
84 
94 
85 
84 
86 
carried  out  in  acid  solutions.  At  room  temperature  and  with  an 
acid concentration in which the hydrolysis of acetyl groups was appre- 
ciable there was too great a loss of enzyme through inactivation.  By ltOGER  M.  HERRtOTT  AND  JOHN  H.  NORTHROP  53 
TABLE  VI 
Increase in Specific A dlvily on Removal of A cetyl Groups by Acid Hydrolysis 
Procedure 
N/mL  [p.u.l  Hb  ~ 
.8 
0 
Acetylated pepsin No.  15  of July 
11, 1933.  1 
No.  1 diluted with water to 2000 
ml; cooled to 10°C. and poured 
into 2000 ml. of cold 2.5 s  sub 
furic acid with mechanicalstirring;  I 
pH  (electrometric by  hydrogen 
ehctrode)  ffi 0.02.  A light pre- 
cipitate formed. 
5 ml. suspension No. 2 +  5 ml. 1.3 
sodium acetate. 
5 ml. suspension No. 2 +  5 ml. 1.3 
sodium acetate.. 
5 nil. suspension No. 2 -F 5 ml. 1.3 
N sodium acetate  ........ 
Aliquot of suspension filtered. 
5 ml. filtrate No. 6  -F 5 nil. 1.3 
sodium acetate.. 
5  ml.  suspension  q-  5  rid.  1.3  N 
sodium acetate.. 
5 ml. filtrate +  5 ml. 1.3 N sodium 
acetate. 
5  ml.  suspension  +  5  ml.  1.3  N 
sodium acetate. 
5 ml. filtrate +  5 ml. 1.3 N sodium 
acetate... 
Suspension filtered after 67 hours in 
acid... 
Filtrate No. 12 -[- 950 ml. saturated 
sodium acetate pH 2.5; -]- 2000 
ml. saturated magnesium sulfate; 
filter.  Residue dissolved in ace- 
tate buffer.  13 
[a~]23°C  Jv pH 4.5  ~  90.  Crystals  were 
indistinguishable under the mi- 
croscope from pepsin 
Residue No.  12 dissolved in water 
+  sodium acetate pH 3.8...  14 
hrs.  ral.  rag.  rag. 
2  0 
3  0.03 
4  2 
5 19 
6 
7 19 
843 
943 
10 67 
11 67 
12 
130 12.8  0.5  1.15  0.0900.-1.  8-9 
4000  0.4160.016  E).03740.09C 
8000  0.19  0.02  D.02070.11 
0.0228 O. 12 
0.19  0.02  0.02720.14 
0.044 0.036 0.010  0.23 
0.18  3.03  0.030  0.17 
0.05  D.03  0.0108  3.22 
0.18  0.03  0.030  D.17 
0.04  0.0360.011510.29 
9.5  1.9  1.9 
800 
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TABLE  vI~Condu~ed 
Procedure 
hrs. 
No.  14 cooled to 10°C.  and added 
to 800 ml. cold 2.5 ~; sulfuric acid; 
a light precipitate formed.  15 
5 ml. suspension No. 15 -b 5 ml. 1.3 
N sodium acetate.  16 
5  ml.  suspension  q-  5  nil.  1.3  ~¢ 
sodium acetate..  17  I6 
Aliquot of suspension filtered.  18 
5 ml. filtrate No. 18 -{- 5 ml. 1.3 N 
sodium acetate..  19 115 
5  ml.  suspension  n  u  5  ml.  1.3  N 
sodium acetate...  20 115 
5  ml.  suspension  q-  5  ml.  1.3  N 
sodium acetate..  21 210 
Suspension q- 550 gm. sodium ace- 
tate;  saturated  with  crystalline 
magnesium sulfate; filtered..  22 
Residue No. 22 dissolved in acetate 
buffer; +  equal volume of satur- 
ated magnesium sulfate; filtered. 
Residue  ffi  15 gm., dissolved in 
water q- acetate buffer, pH 4.5..  23 
ml.  f~g.  rag. 
1600 
0.270 3.0180.048  3.18 
0.28 0.012  0.048  0.17 
0.038 0.0t~  0.0091 0.24 
0.110 0.02C  9.0216 0.20 
0.0990.03  D.021  0.21 
25 17.7  0.8  ]3.5  0.20  2  2 
carrying on the hydrolysis at  10°C. there was practically  no loss of 
protein in 10 days.  Table VI contains the description and results of an 
experiment on the acid hydrolysis of an acetylated pepsin preparation. 
The results show that with the removal of acetyl groups there was an 
increase  in  specific  activity.  The  specific  activity  rose  to  that  of 
pepsin where it remained practically  constant.  The acetyl  content 
of the protein changed from eight or nine acetyl groups to three or 
four.  Since there were still no free amino groups it is probable that 
these three or four acetyl groups are on the primary amino groups of 
pepsin  and  that  this  compound, therefore,  corresponds to  the  "100 
per cent active" acetyl pepsin prepared directly by slow acetylation 
of pepsin.  On subjecting this material  to a  much longer treatment ROGER  M. I::IERRIOTT  AND  JOHN  H. NORTHROP  55 
with  acid  a  substance  was  obtained  which  has  the  same  specific 
activity  but  now  has  two  free  amino  groups  and  only  two  acetyl 
groups  per  molecule. 
It is interesting to note that in general hydrolysis  of acetyl groups 
linked to nitrogen atoms (R  -  NH -  C  -  CHs) requires very strong 
II 
O 
acid or alkali and high temperatures, whereas acetyl groups linked to 
oxygen (R -  O  -  C  -  CH3) are hydrolyzed with comparative ease. 
li 
O 
TABLE  VII 
Specific Activity  of "60 Per Cent Active" Acetylated Pepsin  by Different Methods 
Substrate 
Hemoglobin 
Casein 
Edestin 
Gelatin 
Rennet 
Method 
Colorimetric  estimation  of 
liberated tyrosine 
Viscosity (increase) 
Viscosity (decrease) 
Solution 
Viscosity (decrease) 
Formol 
Viscosity (decrease) 
Viscosity  (increase) 
Crystalline pepsin 
[P'U']mg.  P.N. 
0.23 
310 
1700 
0.55 
2200 
7  X  10  -s 
24 
33  X  104 
Crystalline "60 per 
cent active" 
acetyl pepsin 
[P'U'lmg.  P.N. 
0.13 
190 
850 
0.25 
1100 
4  X  10-s 
17 
23  X  104 
General Properties 
Activity  by  Various  Methods.--The  specific  activity ([P.U.] m~. P.N.) 
of a preparation of "60 per cent active" acetyl pepsin was determined 
by several different methods as described by Northrop (17).  Although 
the specific activity  of pepsin has been determined previously,  using 
these same methods, the measurements are not all precisely reproduc- 
ible  (owing to variations  in  the  substrate  preparations)  so  that  the 
activity of a standard pepsin solution was measured at the same time. 
The results given in Table VII show, within the limits of the methods, 56  CRYSTALLINE  ACETYL  DERIVATIVES  OF  PEPSIN 
that the "60 per cent active" acetyl pepsin is a little over half as active 
as pepsin, by all of the methods tried. 
pH  Activity  Curves.--It  was  thought  that  the  shape  of  the  pH 
activity curve of pepsin might be altered when the  enzyme was acety- 
luted.  The pH activity curves of "60 per cent  active" acetyl pepsin 
and  of  pepsin  were  determined  by  three  different  methods.  The 
results  in  Fig.  8  show  that  the  shape  of  the  pH-activity  curve  of 
pepsin is not changed by acetylation of pepsin. 
Experimental Procedure 
1. Enzyme  Cormentration.--The enzyme  solutions  were  diluted  for  each 
measurement so that the hydrolysis of the protein was carried to the same extent 
in each case.  The activity was calculated as the reciprocal of the concentration of 
enzyme required to cause the same rate of hydrolysis at the various pH and is 
expressed as per cent of the maximum activity. 
2. Substrates.--Aliquots  of dissolved Hoffmann La Roche crystalline edestin 
and  dialyzed  Ox carbon monoxide hemoglobin solutions  were  added  to  equal 
volumes of hydrochloric acid of different concentrations.  The pH of the solutions 
were determined electrometricaUy by a hydrogen electrode.  The final concentra- 
tion of edestin was 3 per cent and of hemoglobin was 2 per cent. 
3. Methods- 
(a)  Hemoglobin: 
1.  Phenol-colorimetric, see Anson and Mirsky (18). 
2.  Non-protein nitrogen.  1 ml. of enzyme solution was added to 5 ml. of 
hemoglobin in a 50 ml. test tube.  After 5 minutes the reaction was stopped by 
adding 10 ml. of ~r/5 pH 7.3 phosphate buffer from another 50 ml. test tube. 
The solution was mixed quickly by pouring back and forth from one tube to the 
other and then heated to boiling for 1 minute after which it was cooled quickly. 
This suspension  was filtered through a Whatman No. 42 filter paper and re- 
filtered if the filtrate was not perfectly clear.  5 ml. of the filtrate was analyzed 
by the Kjeldahl method for total nitrogen (19). 
(b)  Edestin: 
1.  Non-protein nitrogen.  20 ml. of 3 per cent edestin solution and 5 ml. of 
enzyme solution were brought to 35.5°C.  in two 50 ml.  test tubes and then 
mixed by pouring from one test tube to the other.  After mixing, 5 ml. of the 
mixture was pipetted into each of three 50 ml. test tubes.  The hydrolysis in 
the tubes was stopped after 1, S, and 10 minutes by the addition and subsequent 
mixing of S ml. of 0.1 saturated sodium sulfate solution.  After allowing  these 
solutions to stand 20 minutes they were filtered through What.man's No. 42 
filter paper and 5 ml. of the filtrate analyzed for total nitrogen.  The results of 
the three determinations at each pH were plotted,  the slope determined and 
then  corrected for the  enzyme concentration.  These  corrected  figures  are 
plotted in Fig. 7 as per cent maximum activity against the pH. ROGER  M. HERRIOTT AND JOHN H. NORTBlZOP  57 
Isoelectric  point.--Since  the primary amino groups are  altered in 
the acetylation of pepsin one might expect a  difference between the 
isoelectric points of the acetylated products and the original pepsin. 
Northrop  (16)  has found from minimal solubility and cataphoresis 
experiments that the isoelectric point of pepsin is close to pH  2.7. 
Microscopic examination (20) of an amorphous suspension of "60 per 
cent active" acetyl pepsin in hydrochloric acid of different concentra- 
i  o-Pepsin 1~ hemoglobin colorirnetric method  ~-Pepsin hyhemoglobin  non-protein nitrogen method 
o:60Y.activ~'crcetyl  pepsin by hemoglobin  colorimetrJc  method 
• :60X ac~iv~'acetyl  pepsin by  hemoglobin  non-protein  ni~oge~ 
~-"60X  adeive'aceb/l  pepsin by edestin non-protein  nitr, ,gen me 
~-Pepsin by edesUn  non-protein  nitrogen method 
100  o~  ,, 
40 
0  I  _1  I_  I 
*:60X ac~iv~'acetyl  pepsin by  hemoglobin  non-protein  nitrogen method 
~-'60X adeive'aceb/l  pepsin by edestin non-protein  nitrogen method 
"0  1.0  Z.O  10  40 
pH 
FIG. 8. Percentage activity at various pH of pepsin and "60 per cent active" 
acetyl pepsin. 
tions revealed no change in the direction of migration.  The particles 
of acetyl pepsin migrated to the anode at pH 3.0 and at pH 0.0 show- 
ing that within this range of pH the enzyme was negatively charged. 
The minimal solubility was determined for the "60 per cent active" 
and for the "100 per cent active" acetyl pepsins.  In these experi- 
ments a large excess of solid material was present.  The results plotted 
in  Fig.  9  represent the  solubilities of  the  amorphous materials  in 
sulfuric acid solutions. 58  CRYSTALLINE  ACETYL  DERIVATIVES  O~'  PEPSIN 
Experimental Procedure 
Enzyme Solutions.-- 
(a)  "100 per  cent active" acetyl pepsin  Dec.  13,  1933, containing 8.7  rag. 
PN/ml. and less than 2 per cent non-protein nitrogen. 
(b)  "60 per cent active" acetyl pepsin Dec. 13, 1933, containing 16 nag. PN/ml. 
and 4 per cent non-protein nitrogen. 
Procedure.--3 ml. of enz~ae solution was added to 10 ml. of sulfuric acid of 
various concentrations at 23°C. with rapid stirring in a  50 ml.  centrifuge cup. 
Mter stirring for I minute they were centrifuged and the clear supematant liquid 
i 
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Fzo. 9.  Solubility of amorphous "100 per cent active" and "60 per cent active" 
acetyl pepsin in various concentrations of sulfuric acid. 
analyzed for nitrogen, activity, and pH.  Stirring for a longer time did not alter 
the  solubility  appreciably.  The  pH  was  determined  electrometrically with a 
hydrogen electrode. 
The results in Fig. 9 show no minimal solubility but a  very gradual 
decrease  in  solubility  as  the  pH  decreases.  These  results  confirm 
the cataphoresis experiments in showing that the acetylated products 
have no isoelectric point. 
Titration  Curves.--The titration  curves of pepsin  and  three of the ROGER  M.  HERRIOTT AND  JOHN  H.  NORTHROP  59 
acetylated products were defermined, corrected, and are plotted in 
Fig. 10.  In titrating the "10 per cent active" ace  tyl pepsin, constant 
E.~.~. readings could not be obtained in solutions more alkaline than 
pH 9.0.  The drift was toward the acid region which seems to indicate 
that some hydrolysis takes place in solutions more alkaline than pH 
9.0  and  the  hydrolysis products  combine with  the  alkali.  Up  to 
pH 9.0 the E.~.F. readings were perfectly constant. 
It might be expected that acetylation of the amino groups in pepsin 
would result in a  difference in the titration curves at approximately 
pH 8.0 where the free amino groups usually titrate.  This difference, 
however, of four amino groups per molecule is only 0.05 millimol of 
combined sodium hydroxide per gram of protein which could not be 
detected with any degree of certainty. 
Experimental Procedure 
The crystal falter cakes of the different acetyl preparations were washed a number 
of times with half saturated magnesium sulfate and while on the funnel from the 
last filtration were washed with small quantities of dilute hydrochloric acid until 
the filtrates gave no sulfate precipitate on the addition of barium ion.  The hydro- 
chloric acid was washed out with N/10 potassium chloride solution.  10-15 gm. of 
filter cake was then stirred to a paste and diluted to 50 ml. with N/10 potassium 
chloride solution and the suspension placed in a cell connected to a calomel half 
cell by means of a  saturated potassium chloride-agar bridge.  The solution was 
stirred  rapidly but  did not foam.  2.05  lq sodium hydroxide was run into the 
suspension  from a  5  ml.  buret  through a  long capillary extending  under  the 
surface of the solution.  A hydrogen electrode, standardized before and afterwards 
with N/10 hydrochloric acid was used in the determination of ]LM.F.  When the 
solution reached pH 12.0 the volume and nitrogen content were determined. 
Enzyme Preparations  Used for  Titration  Curves.  1.  Peps/n.--Twice  crystal- 
Uzed pepsin No. 1 of Nov. 21, 1933, contained 10 per cent non-protein nitrogen. 
4.8 gin. of pure protein calculated from the nitrogen analysis was used. 
2.  "100 Per Cent Active" Ac~tyl Pepsin.--No.  3 of Dec, 7,  1933,  contained  4 
per cent non-protein nitrogen; 2.8 gin. of pure protein was used. 
3.  "60 Per Cent Active" Acetyl  Pepsin.wNo.  13  of June 12, 1933, and recrys- 
tallized on Dec. 10, 1933, contained 3 per cent non-protein nitrogen.  3.5 gin. of 
pure protein was used. 
4.  "10 Per Cent Active" Acetyl Pepsin.--Dec. 28,  1933,  contained  4  per  cent 
non-protein nitrogen; 4.3 gin. of pure protein was used. 
Acid  and  Alkali  Inactivation.--In  studying  the  acid  and  alkali 
inactivation of acetylated pepsins it was hoped that some difference 60  CRYSTALLINE  ACETYL  DERIVATIVES  OP  PEPSIN 
would  develop which  would indicate  a  new  characteristic  property 
produced by the introduction  of acetyl groups into the pepsin mole- 
cule.  The results are graphically represented in Figs.  I1 and 12.  In 
Fig.  11  the points for pepsin were taken  from Northrop  (21).  The 
procedure in  the  experiment  on  the  acid  inactivation  of acetylated 
pepsin was the same as that used with acid inactivation of pepsin (21) 
so that  the results may be compared.  The change in activity could 
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FIG. 10. Titration  curves of pepsin and three different acetyl derivatives  of 
pepsin at 20°C. 
not be used as a measure of the loss in protein in the acid inactivation 
of acetylated pepsin  for in strong acid the acetyl groups are hydro- 
lyzed resulting in an increase in the specific activity of the protein. 
Experimental Procedure 
1. Acid Inactivation.--5 gin. of once crystallized "60 per cent active" acetyl 
pepsin filter cake was dissolved in 250 ml. of water with the aid of sodium acetate. 
5 ml. of this solution was added to 20 ml. of various concentrations of hydrochloric 
acid; the solutions were kept at 35°C. and analyzed immediately and after 24 hours 
for protein nitrogen. ROGER  M. HEILRIOTT  AND  3OHN  H. NORTHROP  61 
Z. Alkali l~t{ratio,.--The enzyme solutions  were made up to contain 3 nag. 
PN/mL  I ml. of this  enzyme solution  was then added to 5 ml. of  x,/1  phosphate 
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FIG. 11.  Per cent inactivation  of pepsin and "60 per cent active" acetyl pepsin 
in various concentrations  of hydrochloric acid at 35°C. 
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FIG. 12.  Per cent inactivation of pepsin and three different acetyl derivatives 
of pepsin in phosphate buffer at various pH and at 23°C. 
buffer at various pH and allowed to stand at 23°C.  After 5 minutes 5 ml. of this 
solution was titrated with 5 ml. of sulfuric acid of a  concentration to bring the 
resulting solution to pH 6.0.  1 ml. was diluted for activity measurements by the 62  CRYSTALLINE ACETYL DERIVATIVES OF  PEPSIN 
hemoglobin method, the dilutions being so arranged that approximately the same 
colorimeter reading was obtained. 
The results plotted in Figs. 11 and 12 show that the acid and alkali 
inactivation  of acetylated pepsin  solutions  follow approximately the 
same course as that of the parent protein, pepsin. 
One point might be mentioned  which is not revealed in the figures 
and which, though not a  difference in the proteins is of some interest. 
A  few moments after the acetylated pepsin was mixed with  the 6 
hydrochloric acid a  precipitate formed  which remained during the 24 
hours of the experiment.  This precipitate  was approximately 80 per 
cent of the original protein.  It was completely inactive and insoluble 
under conditions in which the original material was active and soluble. 
It  was  found  to  be  denatured  protein.  Northrop  (21)  anticipated 
the presence of denatured pepsin protein in strong acid solutions but 
failed  to  find  it.  It  appears  that  his  solutions  were  not  carried  to 
concentrated  enough  acid  for on  similarly  treating  pepsin  with  6  M 
hydrochloric acid the protein precipitated as denatured protein. 
EXPERI~NTAL  ~T~ODS 
A cetylation with Ketene 
The ketene used throughout this work was prepared by the thermal decompo- 
sition of acetone by means of a generator described by Herriott (14).  A 500 nil. 
round bottom flask was  employed to hold the acetone.  A few alundum chips 
prevented superheating and bumping of the acetone as it was heated on a steam 
bath.  A long water condenser followed by an ice trap removed most of the poly- 
mers of ketene and the escaped acetone vapor.  The ketene was passed into the 
pepsin solution through an inverted 25 ram. funnel  It was found that a 500 ml. 
wide mouth Erlenmeyer flask was the most convenient container for the enzyme 
solution since it allowed the ketene to be introduced, the solution to be stirred with 
a mechanical stirrer, and samples  to be removed without interference.  During 
long (10 hour) exposures  to ketene the Erlenmeyer flask was kept in water at 
25°C. -4-2  ° for there is some heat developed on the introduction of ketene into the 
solution. 
pit Determinations 
In general the pH estimations were made by the colorimeter method using the 
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Activity Determinations 
Unless otherwise specified the activity determinations throughout  this  paper 
were made by the colorimetric method of Anson and Mirsky (18). 
Nitrogen Determinations 
Protein nitrogen has been determined as the difference between the total nitro- 
gen  and  the  non-protein  nitrogen.  This  is  justifiable  when  the  non-protein 
nitrogen is a small part of the total nitrogen.  The enzyme solutions were diluted 
to contain 1-2 rag. of nitrogen per ml.; 1 ml. was used for the total nitrogen; 2 mL 
was placed in a  50 ml. centrifuge cup and 10 ml. of boiling 5 per cent trichioro- 
acetic acid added; the cup was shaken a moment and placed in a beaker of cold 
water.  After cooling the suspension was filtered and 6 ml.  of filtrate  used for 
nitrogen analysis.  This is the non-protein nitrogen.  All nitrogen determinations 
were made by the micro Kjeldahl method as described by Northrop andKunitz 
(19). 
A carl Estimation 
A volume of enzyme solution containing 0.5-0.75 gin. of protein was placed in a 
150 ml. beaker and this in turn placed in water at approximately 45°C.  At least 
five times that volume of boiling 5 per cent trichloracetic acid was added and the 
beaker placed immediately in ice water and the solution stirred  rapidly.  This 
treatment  precipitates  the protein and cools the resulting suspension in a  very 
short  time.  After cooling the suspension was filtered  without suction and  the 
precipitate washed with distilled water until the filtrate was blue when tested with 
the indicator brom cresol green indicating that the filtrate was pH 5.0 or more. 
This usually required from 15-20 washings with water.  The washing removed 
the acetic acid which had been present in the solution as acetate buffer but was 
converted to acetic acid by the excess trichloracetic acid.  The denatured protein 
is completely insoluble under these conditions.  When the precipitate had been 
washed free of acid most of the water was drawn off with the aid of suction and the 
precipitate dissolved in a small amount of dilute alkali or sodium phosphate.  After 
the precipitate had dissolved completely 1 ml. of 4 M sodium hydroxide was added 
and 1 ml. of solution withdrawn and analyzed for nitrogen from which the protein 
content was calculated.  The remaining liquid  (approximately  11  nil.) was put 
into a test tube and allowed to stand at 35°C. for at least 5 days.  After this time 
10 ml. was put into a 150 ml. modified Claissen distilling flask with 5 nil. of 85 per 
cent phosphoric acid (reagent grade) and 0.2 ml. of octyl alcohol  The alcohol 
prevents foaming of the protein which would otherwise render vacuum distillation 
impossible.  The distilling flask was kept at 50-60°C. on a water bath while the 
receiving flask was cooled with running water.  Distillation was carried out for 15 
minutes at 20 ram. of mercury pressure.  At the end of this time the receiving flask 
was removed, the sides washed down with a few ml. of water, a drop of 0.5 per cent 64  CRYSTALLINE  ACETYLDERIVATIVES  OF PEPSIN 
phenolphthaleln added, and the solution titrated to a faint pink with u/S0 sodium 
hydroxide.  As a  check on the titration figure and on the identity of the acid as 
acetic acid a  drop of 0.1  per cent brom cresol green was added andthe solution 
titrated back to pH 4.7 corresponding to the pK of acetic acid, with =~/50 hydro- 
chlofic acid.  The second titration will be half of the first titration if only acetic 
acid is present in the distillate.  Mter the titration the receiving flask was rinsed 
out with distilled water and fitted onto the distilling flask.  5 ml. of water and 0.2 
ml. of octyl alcohol were added to the distilling flask and the distillation, followed 
by the titration, was carried out as before.  This was repeated a  third time which 
was usually sufficient to carry over nearly all of the acetic acid.  A blank of 0.10 
ml. of •,/50  sodium hydroxide for each distillation  and titration was deducted from 
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FIG. 13.  Change in acetyl groups per molecule of protein during acetylation. 
the total titration value before the amount of acetic acid distilled over was calcu- 
lated. 
The above procedure was used for most of the acetyl estimations but in the case 
of pepsin a small amount of trichloracetic acid survived the washing and distilled 
over.  This acid was probably combined with the free NH~ groups as a  salt.  It 
was detected by the second or back titration to pH 4.7  When dilute sulfuric acid 
was usedin place of trichloracetic acid this difficulty  was avoided. 
To illustrate the precision of this method of acetyl estimation the increase in 
acetyl groups per molecule is plotted against the time of acetylation in Fig. 13. 
Curves I  and II were obtained from the same experiments as Curves I  and II of 
Fig. 3  were. 
Acetyl estimations were made on pepsin and acetylated pepsin by two methods 
other than the one described above.  One of the two methods consisted in heating 
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a mixture of 5 rnl. of protein solution and 50 ml. of a 25 per cent solution of p-tolu- 
enesulfonic  acid  to  110°C. for 6 hours under a reflux condenser followed by the 
usual vacuum distillation  and titration of the liberated  acetic acid.  In the other 
procedure  the protein,  in 0.4 r¢ NaOH, was heated to 100°C. under a reflux con- 
denser for varying periods of time up to 5 days and the liberated  acetic acid deter- 
mined as in the other methods after acidifying the alkaline digest.  2 ml. of molar 
cadmium sulfate  was introduced into the distilling  flask to retain any hydrogen 
sulfide, which is liberated  on acidification of the digest.  The results of the three 
methods agreed although by the last method a slightly  higher acetyl figure was 
obtained for both pepsin and the acetylated pepsin but the difference agreed with 
the figures obtained by the other two methods. 
Amino Nitrogen 
Pepsin  decomposes rapidly into non-protein sprit products which have a high 
amino nitrogen content and which can be removed only with diflficulty.  The pepsin 
protein was therefore denatured, washed, and dissolved before analyzing for amino 
nitrogen.  It was denatured by aMding five times its volume of boiling 5 per cent 
trichloracetic  acid and  the  resulting  suspension  cooled  quickly  in  cold  water. 
After washing the precipitate  at least  three  times with several  volumes of water 
or 2.5 per cent trichloracetic  acid  the residue  was dissolved  in dilute  alkali  or 
phosphate buffer.  The pH of the dissolved denatured protein was below pH 8.0. 
These solutions  contained  from 40--60 mg. of protein per ml.  An aliquot of the 
solution  was  analyzed for  total  nitrogen  from which  the  protein  content  was 
calculated.  The amino nitrogen  was determined  on the Van Slyke micro appa- 
ratus (15).  The nitrous acid-protein mixtures were shaken for 20 minutes.  Most 
of the amino nitrogen estimations were made on solutions of the washed  trichlor- 
acetic acid precipitate.  These analyses were easily reproducible and agreed with 
the figures obtained by analysis of native pepsin which had been washed with half 
saturated magnesium sulfate and which contained less than 3 per cent non-protein 
nitrogen.  The figures obtained from analyses  of  these  trichloracetic  acid pre- 
cipitates  were never higher than those obtained with native pepsin.  This result 
shows that no hydrolysis of the protein occurs during denaturation unless there is 
a  simultaneous  coupling  of an amino  group at some  other point.  The amino 
nitrogen  content for native and denatured pepsin was also determined  by S~ren- 
sen's formol titration as modified by Northrop (23) and found to agree with the 
values obtained by the Van Slyke nitrous acid method. 
SUMMARY 
Crystalline pepsin  has  been  acetylated by the  action of ketene  in 
aqueous solution at pH 4.0-5.5.  As acetylation proceeds the activity 
decreases, the decrease being more rapid at pH 5.0-5.5 than at 4.04.5. 
Three  acetyl  derivatives  have  been  isolated  from  the  reaction 66  CRYSTALLINE ACETYL DERIVATIVES OF PEPSIN 
mixture and obtained in crystalline form.  The crystal form of these 
derivatives is similar to that of pepsin. 
Fractionation and solubility determinations show that these prepa- 
rations are not mixtures or solid solutions of the original pepsin with 
an inactive derivative. 
A compound which contains three or four acetyl groups and which 
has lost all of its original primary amino groups can be isolated after 
short acetylation.  It has the same activity as the original pepsin. 
A  second derivative containing six to eleven acetyl groups has also 
been isolated.  It has about 60 per cent of the activity of the original 
pepsin.  A third derivative having twenty to thirty acetyl groups and 
about 10 per cent of the activity of original pepsin can be isolated after 
prolonged acetylation.  The 60 per cent active derivative on standing in 
strong acid solution loses some of its acetyl groups and at the same time 
regains the activity of the original pepsin.  The compound obtained 
in this way is probably the same as the completely active three acetyl 
derivative obtained by  mild acetylation.  These results  show that 
acetylation of three or four of the primary amino groups of pepsin 
causes no change in the specific activity of the enzyme but that the 
introduction of acetyl groups in other parts of the molecule results in a 
marked loss in activity. 
The solubilities, amino nitrogen content, acetyl content, isoelectric 
point, and the specific activity have been determined by a  variety of 
methods and found to be different from the corresponding properties 
of crystalline pepsin.  The pH-activity curves, acid and  alkali inac- 
tivation, and titration curves were not significantly different from the 
same respective properties of pepsin. 
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